A strong correlation exists between increasing paternal age and a decline in reproductive function. Testis aging is associated with testicular atrophy, increased DNA damage, and de novo mutations. It is unclear whether these problems arise from the spermatogonial stem cells (SSCs), a buildup of anomalies as older germ cells progress through spermatogenesis, or both. We hypothesize that with the continual divisions of SSCs that maintain the germ cell population, an alteration of these cells occurs over time. To test this, we utilized young (4-mo-old) and aged (18-and 21-mo-old) transgenic rats that express GFP in germ cells only. We first examined the number and activity of SSCs from the different age groups by transplantation. Aged rats had numerically fewer SSCs than young rats (,50%; not significant) despite the lack of testicular atrophy, and 21-moold rats show a significant reduction in colony length, suggesting that the quality of SSCs also deteriorates. To evaluate any molecular changes occurring in the early cells of spermatogenesis with age, we isolated an SSC-enriched population of CD9-positive (CD9 + ) cells using fluorescence-activated cell sorting (confirmed by transplantation studies) and extracted RNA for microarray analysis. In the aged CD9 + cells, 60 transcripts were upregulated and more than 500 downregulated compared to the young cells. An altered expression was found for transcripts involved in mitosis and in DNA damage response. These results suggest molecular alterations in the SSC-enriched population of aged CD9 + cells, implying that reproductive aging originates in the undifferentiated cells of spermatogenesis.
INTRODUCTION
Spermatogonial stem cells (SSCs) compose the origin of spermatogenesis, and thus the production of mature sperm relies on the quality and quantity of these cells. New generations of spermatozoa are continuously developing in the seminiferous epithelium of the adult; therefore, the germ cells leaving the testis on an ongoing basis have been dividing and differentiating for a relatively short period of time (35 days in mice and 64 days in humans), depending on the species [1] . As a consequence, it had been thought that male germ cells are constantly freshly made and thus do not age. However, the precursor cells that give rise to male germ cells act as stem cells and are present throughout the life span of the male. It is now well established that male reproductive function declines with age; increased DNA damage and decreased sperm quality and fertility are just a few of the parameters known to change in aging men (for review, see [2] ). During the aging process, male germ cells appear to change both in number and at the molecular level. We have previously shown that isolated pachytene spermatocytes and round spermatids have an altered gene expression signature associated with aging [3] ; affected genes included those associated with DNA damage and repair and oxidative stress. As yet, it is unclear where these problems arise. It is not known whether the underlying cause is that the SSCs are continually dividing to produce germ cells, thus resulting in an accumulation of damage that in turn results in the production of sperm of poorer quality, or if the aberrations seen in germ cells occur later in development, such as during meiosis and spermiogenesis.
Studies using models of animal aging indicate that significant changes occur in germ cells and mature sperm as males enter advanced age and that such changes have consequences for the progeny [4] [5] [6] . One of the characteristics of ''testis aging'' is the loss of germ cells-that is, testicular regression or atrophy and an increasing abundance of Sertoli cell-only tubules [7] [8] [9] . A small number of studies on SSCs in the aging male offer different pieces of the puzzle. It was suggested many years ago that the number of undifferentiated spermatogonia dramatically decreases with age [10] . More recently, there have been studies looking at the SSCs [9] and their niche [11] and showing the differences that can occur with age, albeit in different species and at different ages.
As a result of the changes seen in our previous study [3] and the fact that DNA damage and de novo mutations increase in older men [12] , we decided to examine the cells at the foundation of germ cell development: the SSCs. We aimed to determine whether similar changes are seen in the cells that are at the foundation of spermatogenesis and, if so, if these changes may offer an explanation for the alterations in later germ cells with age. We hypothesize that older males will have a reduced number of SSCs and that their ability to differentiate into more developed germ cells will be diminished compared to that of SSCs from younger males. In addition, we propose that this may be explained by changes in gene expression related to self renewal and DNA damage. To test this hypothesis, we investigated the consequences of aging on the number and quality of SSCs using spermatogonial transplantation (currently the only available method to detect functional SSCs) and on the molecular changes in an SSC-enriched population using gene expression analysis.
MATERIALS AND METHODS

Animals
Homozygous SD-Tg(ROSA-EGFP)2-4Reh transgenic rats that exclusively express enhanced green fluorescent protein (EGFP) in the germ cell lineage (also termed germ cell-specific GFP expression) at 4, 18, and 21 mo of age (n ¼ 4-6 animals/group, depending on the experiment) were maintained under standard conditions as described in A Guide to the Care and Use of Experimental Animals prepared by the Canadian Council on Animal Care. All animals were kept on a 12L:12D photoperiod with free access to food and water. Rats were bred and maintained in-house. Founder rats were kindly provided by R.E. Hammer (University of Texas Southwestern Medical Center, Dallas, TX). The ''aged'' rats at 18 mo were chosen as this is the time point just before the onset of germ cell loss and testicular atrophy, and the ''aged'' 21-mo-old rats are in the process of losing their germ cells. NCr nude mice (nu/nu; Taconic) served as recipients for rat germ cell transplantation. To destroy endogenous spermatogenesis, the recipient mice were treated at 8 wk of age with busulfan (40 mg/kg; Sigma) at least 5 wk before donor cell transplantation as previously described [13] . All procedures involving animals were approved by the Animal Care and Use Committee of McGill University (McGill Animal Resources Centre Protocol 4687).
Germ Cell Transplantation
Each rat was checked for the presence of regressed testes, and only rats without regressed testes were used. Seminiferous tubule cells were isolated from the testes of rats from the three different age groups. Briefly, the tunica albuginea was removed along with any large blood vessels; the parenchyma was subjected to enzymatic digestion at 348C first with 0.5 mg/ml of collagenase (Sigma) for 15 min, followed by sedimentation and washing, and then with 0.5 mg/ml of trypsin in Dulbecco modified Eagle medium (DMEM; Type I; T8003; Sigma) and DNase I in PBS (Type I, DN-25; Sigma) for 15 min. This was followed by mechanical dissociation to a single-cell suspension using a flamed-tip glass Pasteur pipette. Remaining tissue debris was removed by filtration through a 40-lm nylon mesh cell strainer (BD Biosciences). Dissociated cells were centrifuged at 500 3 g for 5 min and resuspended in injection medium (DMEM, 10% fetal bovine serum, 0.2 mg/ml of DNase I, and 0.04% trypan blue) at a final concentration of 20 3 10 6 cells/ml. Approximately 6 ll of the cell suspension were injected into each recipient mouse testis. Recipient testes were collected 3 mo following transplantation and EGFPpositive (EGFP þ ) donor-derived colonies of spermatogenesis were visualized under a fluorescence stereomicroscope. EGFP þ colonies were quantified and measured in length using Image J software (National Institutes of Health).
Isolation of an SSC-Enriched Population by FluorescenceActivated Cell Sorting
A single-cell suspension of seminiferous tubule cells was obtained as described for the transplantations above. In all, 5 3 10 6 cells were pelleted and resuspended in blocking buffer (DMEM and 1% bovine serum albumin [BSA]) containing 5 lg/ll of anti-rat CD9 antibody (BD Pharmingen) and incubated on ice with agitation for 30 min. The cells were washed three times in DMEM by centrifugation and then resuspended in 200 ll of DMEM containing 1 lg/ll of anti-mouse APC fluorescent secondary antibody (BD Biosciences), after which they were incubated with secondary antibody on ice for 30 min with agitation. Next, the cells were washed three times in DMEM by centrifugation (500 3 g) and resuspended in PBS containing 100 lg of DNase. Cells positive for both GFP and CD9 (GFP þ CD9 þ ) were isolated by fluorescence-activated cell sorting (FACS) using a FACSAria flow cytometer (Becton Dickinson Biosystems). Forward and side-scatter plots were used to exclude cellular debris and aggregates using the histogram analysis plots. Cells were sorted, for an average of 2 h at 1 3 10 6 cells/h, under sterile conditions into microcentrifuge tubes containing DMEM and maintained on ice during the FACS process. Time permitting, up to an estimated 43 3 10 6 GFP þ CD9 þ cells could be collected per testis. After sorting, the cells were pelleted and stored at À808C until use.
RNA Extraction and Transciptome Analysis
Total RNA was extracted from FACS-sorted CD9-positive (CD9 þ ) cells using the RNeasy Mini Plus Kit with on-column DNase digestion (Qiagen). RNA concentration was determined using the Nanodrop 2000 (Nanodrop Technologies), and quality was assessed using a 2100 Bioanalyzer (Agilent Technologies). A total of 600 ng of cyanine 3 (Cy3)-labeled, linearly amplified cRNA with a specific activity of more than 5 pmol of Cy3 per 1 lg of cRNA was hybridized with a SurePrint G3 Rat GE microarray (Agilent Technologies) for 17 h at 658C. The array was washed and scanned according to the one-color, microarray-based gene expression analysis protocol of Agilent Technologies. The Agilent Feature Extraction software package (version 12.5; Agilent Technologies) was used to extract the hybridization signal intensities from the scanned images. The signal intensities were normalized and data analyzed using the GeneSpring software (version 12.0; Agilent Technologies), and only those genes with a signal intensity between the upper and lower percentile cutoffs (20%-100%) were considered to be ''expressed.'' All transcriptome results have been deposited in Gene Expression Omnibus (www.ncbi.nlm.nih. gov/geo; GEO accession no. GSE50143). Statistical significance between the two age groups (n ¼ 4) was tested by an unpaired t-test using a P-value of less than 0.05 and further filtered using the Benjamini-Hochburg false-discovery rate correction. Probe sets that were significantly altered were further filtered using a minimum 1.5-fold difference. GeneSpring analysis included principal component analysis (PCA) to test the reproducibility of samples. Both Ingenuity Pathway Analysis (Ingenuity Systems) and Pathway Studio (version 9; Elsevier) were used to determine significantly changed gene networks.
Real-Time Quantitative RT-PCR
The RNA was diluted to a working concentration of 2 ng/ll, and Quantitect One-Step SYBR Green RT-PCR (Qiagen) was done using the StepOnePlus system (Applied Biosystems) according to the manufacturer's instructions. PCR thermal cycling parameters were 488C for 30 min and 958C for 10 min (one cycle), 958C for 15 sec and 608C for 1min (40 cycles), and 958C for 15 sec, 608C for 15 sec, and 958C for 15 sec (one cycle). Standard curves were generated using 0.1, 1, 10, and 100 ng/ml of RNA from control pachytene spermatocytes in each run for quantification. RT-PCR primers (Table 1) were either ready-made Quantitect Primer Assays (Qiagen) or designed using Primer3 software (http://frodo.wi.mit.edu) and provided by Alpha DNA. The expression levels of all genes of interest were corrected using an endogenous control, 18S rRNA, and the fold-difference in mRNA expression of the samples was determined. The results shown are the mean of at least four rats per group on two separate occasions, and each sample was analyzed in duplicate.
Immunohistochemistry
For CD9 immunostaining, testes were excised, snap-frozen in liquid nitrogen, and embedded in OCT immediately. Testes were subsequently sectioned at a thickness of 5 lm in a cryostat (Leica) and mounted on charged slides. The sections were air-dried, then fixed in methanol for 10 min. Nonspecific-binding sites were blocked using normal goat serum (Vector Laboratories) and diluted 1:4 in BSA/Tris-buffered saline (3%, w/v) for 30 min, after which sections were incubated with an anti-CD9 antibody overnight at 48C. For ZBTB16 immunostaining, rats were asphyxiated with CO 2 . Testes were excised, and the ends were punctured with a 26-gauge needle and then immersed in modified Davidson fixative [14] . After 2 h of immersion-fixation, the testes were cut in half to allow better fixation and replaced in the fixative for a total of 24 h. The testes were then dehydrated in a series of alcohol solutions and embedded in paraffin. Testicular sections (thickness, 5 lm) were cut and mounted on charged slides. Slides were dewaxed using xylene and rehydrated. Nonspecific-binding sites were blocked as described above for CD9. Sections were incubated overnight at 48C with the primary antibody specific for ZBTB16 (OP128; Calbiochem) diluted 1:100 in blocking buffer (3% BSA and 0.1% Triton X-100 in PBS [pH 7.4]); control sections were incubated with blocking serum alone. Slides were then washed and incubated with the appropriate fluorescent secondary antibodies: anti-rabbit Alexa Fluor 594 and
Changes in SSC quality with age. Views of intact mouse testes 3 mo after transplantation of germ cells from 4-mo-old (young; A), 18-mo-old (aged; D), and 21-mo-old (aged; G) rats are shown. Long GFP þ colonies from young rats (B and C) and 18-mo-old rats (E and F) and variable-sized colonies from 21-mo-old rats (H, I, and I inset) are also shown. Quantitative analysis of colony lengths from young and aged rats (J) is provided. Bars represent mean 6 SEM. ***P , 0.001. Bar ¼ 1 mm.
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anti-mouse Alexa Fluor 488 (Invitrogen). Images were captured using a DM LB2 microscope (Leica) under a 403 objective fitted with an Infinity-3 video camera (Lumenera).
Statistical Analysis
Results expressed as the mean 6 SEM were analyzed using Student t-test or one-way ANOVA followed by a Bonferroni post hoc test using GraphPad Prism (version 5; Graph Pad Software, Inc.).
RESULTS
Aging Results in Decreased Numbers of SSCs
Spermatogonial transplantation was used to assess the differences in quantity and quality of SSCs in young (4-moold) and aged (18-and 21-mo-old) rats. The total number of cells recovered from each age group of donor testes was similar, with a slight, but not significant, decrease at 21 mo of age (Supplemental Table S1 ; all Supplemental Data is available online at www.biolreprod.org). The same trend was seen in testis weight for the three age groups (Supplemental Table S1 ). Though no change was observed in the ratio of recipient testes that contained at least one colony after transplantation to those that did not (Fig. 1A) , a numerical decrease of approximately 60% was found in the number of colonies observed with cells from both 18-and 21-mo-old rats (Fig. 1B) . The total SSC activity in the testes from the different age groups was determined by multiplying the total number of cells recovered from a donor testis by the concentration of functional SSCs (colonies/10 6 cells) [11] . This revealed that the SSC activity decreases numerically, though not significantly, with age. Both the 18-and 21-mo-old testes contained less than 50% of the SSCs compared to the young testes (Fig. 1C) , indicating that SSC numbers decline with age, similar to mice [9, 11] . A statistical significance was not detected by ANOVA (P . 0.05), probably due to a large variation inherent to the transplantation assay and relatively small sample numbers. However, when data from 18 and 21 mo were combined, colony numbers derived from aged donors were significantly lower than those from young donors (P , 0.05). We therefore conclude that SSC numbers decline with age in the rat, as seen in the mouse [9, 11] , and that this decline starts before testicular atrophy becomes evident.
Age Results in Decreased Quality of SSCs
In addition to colony numbers, colony length was also measured as an indication of the ability of the SSCs to repopulate recipient tubules (Fig. 2) . In all age groups, a range of sizes was observed (Fig. 2, A-H ), but on calculating the mean length, we found a small decrease in length in the 18-mo age group but a highly significant decrease in the length of colonies in the 21-mo age group (Fig. 2J) . In addition to the change in length, it was noted that many of the colonies observed in the 21-mo-old group were more punctate in terms of GFP fluorescence and less bright in terms of GFP intensity (Fig. 2, G-I) , suggesting lower levels of seminiferous tubule repopulation.
CD9 þ Cells Are Enriched in SSCs
In the present study, we wished to gain insight regarding molecular changes that may occur in SSCs with age. Because SSCs cannot be purified, we first confirmed our ability to enrich rat testis cells for SSCs using a cell surface marker, CD9 [15] . CD9 immunoexpression has been shown previously in the adult mouse testis [15] but not in the adult rat. Using immunohistochemistry in young and aged rat testes, we also examined whether CD9 expression patterns in spermatogonia are affected by age. In the testes of young animals, CD9 expression was observed on the surface of the cells located at the basement membrane of the seminiferous tubules, a corresponding region of the epithelium where we found cells expressing ZBTB16, a well-established marker of type A spermatogonia [16] (Fig. 3, A and C) . From observational studies, it appeared that the ratio of ZBTB16-positive cells to CD9 þ cells was between 1.5:1.0 and 2.0:1.0 (n ¼ 3; data not shown). We observed similar localization patterns of CD9 þ cells in the testis of aged (18-mo) rats (Fig. 3, B and D) , indicating that CD9 expression patterns are not affected by age in our rat model.
To confirm that CD9 was an effective marker to enrich rat SSCs [15] , GFP þ CD9 þ cells were isolated using FACS, and transplants were done with both unsorted and GFP þ CD9 þ sorted cells. The transgenic rat we used expresses GFP only in germ cells in the testis [17] . In comparison with unsorted cells, the transplants of CD9 þ cells yielded a 7-fold increase in the number of colonies generated (Fig. 4A) . As a further confirmation, CD9 þ sorted cells were analyzed under an epifluorescent microscope following FACS to assess the presence of different cell types; as expected from the GFP expression specific to germ cells, no Sertoli cells were observed in sorted cells. In addition, we noted that larger GFP þ spermatocyte-like cells appeared absent from this population, and the cells that were present had a spermatogonia-like appearance (data not shown). The transplant data indicate that the sorted CD9 þ cells have a higher concentration of rat SSCs than do the unsorted cells, as previously reported for mice and rats by Kanatsu-Shinohara et al. [15] , who saw a 5-fold increase in colonies. This marker was therefore used to isolate an SSC-enriched population of cells for gene expression studies in aged and young rats. When the CD9 þ FACS profiles were compared for the young and aged samples, we observed that the GFP þ CD9 þ cells comprised 2.9% of cells in the young and 2.2% of cells in the aged groups (Fig. 4B) , and no differences were observed in the staining profile of these cells between the young and the aged rats (Fig. 4C) .
Changes with Age in Gene Expression in CD9
þ Cells
Gene expression microarray analysis showed that as expected from the enrichment study (Fig. 4A) , many of the progenitor/stem cell markers, including Gfra, Zbtb16, Sox2, and Ret, were expressed in the isolated CD9 þ cells (Table 2 ). However, it was noted that some transcripts such as ckit and Dazl, considered to be expressed in spermatogonia later than the SSC stage, were also expressed in these cells [18, 19] . Therefore, given the localization of CD9 immunostaining and the ratio to ZBTB16 cells, it was assumed that CD9 þ cells also contained some non-SSC spermatogonia.
The genes that were differentially expressed between CD9 þ cells from young and aged rats are shown in Supplemental Table S2 . A total of 574 genes were altered in the aged compared to the young group by at least 2-fold and 1239 genes by at least 1.5-fold (Fig. 5A) , with the majority of altered genes being downregulated (90%). Similar numbers of genes had a unique expression in one age group compared to the other (Fig.  5B ). PCA revealed a correlation between the samples based on their whole-genome expression; it allows a visualization of the general relationships between the two experimental groups. The PCA plot showed that the two age groups segregate into two distinct spaces according to the age of the animals used for isolating CD9 þ enriched germ cells (Fig. 5C ). Pathway analysis revealed that the top networks that were altered were associated with organ morphology and development, with changes in 73 genes involved in that network ( 
TESTIS AGING AND SPERMATOGONIAL STEM CELLS 6). There appeared to be six central components of the interaction-based pathway. These six genes/proteins had the highest number of interactions involving binding, expression, and direct interactions and were either transcription factors (highlighted in blue) or receptors (highlighted in green). All six genes/proteins are known to play a role in stem cell proliferation, development, or maintenance. In addition, a further interaction-based pathway was highlighted where components were exclusively involved in stem cell development, function, and maintenance either in SSCs or other types of stem cells. These were downregulated and included Gfra, Itgb1, and csf1r and also Itga1, Runx2, Fgf3, Wnt7a, and Wnt5b, respectively (Fig. 7A and Supplemental Table S2 ). It is of particular interest that a number of genes involved in DNA repair were also changed and actually upregulated. These included Msh4, Msh5, Brca1, Dmc1, and Rad52 and are shown in Figure 7B . Due to the limited amount of RNA obtainable from the small number of sorted CD9 þ cells, only a select few transcripts could be tested for confirmation by quantitative RT-PCR. These included three transcripts involved in DNA repair (Msh4, Msh5, and Dmc1) and two involved in stem cell function (Gfra and Wnt7a). Quantitative RT-PCR confirmed the microarray data (Fig. 8) .
DISCUSSION
In the present study, we analyzed three different age groups corresponding to young fertile rats (4 mo), rats at the onset of aging and germ cell loss (18 mo), and rats that should be in the middle of testicular regression (21 mo; full regression would occur around 24 mo) [4] . We determined that SSCs decline in number (numerically; not statistically significant) with age to less than 50% of that seen in young rats by 18 mo, and by 21 mo, we also see a decrease in colony length, which is an evaluation of the quality of the SSCs in terms of their ability to differentiate. Previous studies in mice have shown aged SSCs that have undergone serial transplantation have a slower germ cell expansion rate than younger SSCs; it was suggested, though not confirmed, that this may be due to altered expression of stem cell self-renewal genes over time [20] .
To determine molecular changes occurring in the aged cell population enriched for SSCs, we FACS-sorted germ cells that express CD9. It is thought that CD9 is a marker of spermatogonia and SSC/progenitor cells, though it may also be expressed on somatic interstitial cells [15] . In the present study, however, we were able to avoid selection of somatic cells guided by the germ cell-specific GFP expression in our transgenic rats. Using spermatogonial transplantation, we confirmed that the CD9 þ cells were enriched for SSCs and therefore used this marker to isolate this population of cells to determine changes in gene expression with age. We first checked the gene expression signatures of these CD9 þ cells to determine whether they expressed SSC-associated genes. Many of the expected stem/progenitor markers were expressed, including Gfra, Zbtb16, Sox2, and Ret. The expression of cKit indicates the inclusion of some more advanced spermatogonia in CD9
þ cells as c-Kit is expressed mostly by type Aal spermatogonia to early spermatocytes [21] .
FIG. 5. Changes in gene expression in a CD9
þ population of cells during aging. Number of genes that are significantly altered by 1.5-and 2-fold in aged CD9
þ cells compared to young counterparts (A), Venn diagram of genes expressed in both the young and the aged CD9 þ cells and those that are exclusively expressed in only one age group (B), and PCA showing the correlation between individual samples from the young (blue dots, circled in orange) and aged (red dots, circled in green) groups based on whole-genome expression (C) are shown.
Numerous genes were changed in the aged CD9 þ cells, with approximately 90% being downregulated. It is thought there may be a general decline in transcriptional activity with age, so we checked to see if the GFP expression also changed in the germ cells with age by both FACS and epifluorescent expression. No difference was found in either parameter in our rats (Supplemental Fig. S1 ). Different groups of transcripts were altered in the aged CD9 þ cells, and the network with the highest number of transcripts changed was associated with organ morphology and development. At the heart of this network, there appeared to be six key transcripts that were transcription factors or receptors: Pparc, Ncam1, Egfr, Fgfr2, Kdr, and Runx2. PPARc is involved in neural stem cell maintenance [22] , though its role in SSCs is unknown. NCAM has been reported to mediate GDNF signaling, which stimulates SSC self-renewal [23] . EGFR plays a role in regulation of neural stem cell number and may also be involved in SSC maintenance, whereas EGF and FGF are essential growth factors for maintaining SSCs in vitro for protracted periods of time [24] [25] [26] . RUNX2 may be involved in the promotion of proliferation of SSCs, as it does in other types of stem cells, such as during chondrogenesis [27] . Of particular interest is KDR, a VEGF receptor, that was downregulated by 2-fold in our aged CD9 þ cells and is one of the intracellular signals promoting cell proliferation thought to play a role in balancing the SSC population [28] . In addition, a smaller, more specific pathway associated with ''stem cell development and maintenance'' was identified; all genes in this pathway were downregulated. These included wnt7a (involved in neural stem cell expansion [29] ), Mcam (a marker of SSCs [30] ), and a number of integrins, including b1 integrin, which has been shown to play a role in keratinocyte differentiation [31] and to be expressed on SSCs [30] . With these changes in expansion, differentiation, and maintenance-associated transcripts, it is not surprising we saw a decrease in SSC numbers with age. We also saw a decrease in one of the known SSC markers, Gfra, the coreceptor of GDNF, which controls the balance between self-renewal and differentiation of SSCs [32, 33] . Thus, the testicular atrophy that is normally seen with age may be explained by these molecular changes that are taking place in the aging testis before regression occurs.
Another network that was altered with age was one including genes involved in DNA damage recognition and repair. Brca2, which is thought to be required for progression through mitosis and for mitotic DNA repair, and Rad52, which is thought to be involved in mitotic recombination and repair [34] [35] [36] , were upregulated. This suggests that a strand break processing error may be occurring during mitosis in aged CD9
þ cells or that an increase in strand breaks occurs and these proteins are upregulated to help in repairing these lesions. A number of other DNA damage/repair-associated genes were upregulated, including Smarca5, Msh4, Msh5, and Ube2a, suggesting an overall change in the levels of DNA damage and/ or repair in the older CD9 þ cell population; this is consistent with what we observed in the more developed germ cells, such as spermatocytes [3] , and suggests that the DNA damage we see in sperm from older men may originate as early as the male germline stem cells.
It is interesting to contrast these findings with those from our previous study [3] where the families of transcripts most dramatically affected in aged pachytene spermatocytes were those associated with DNA repair and oxidative stress. In the present study, the only oxidative-stress associated transcript that was changed was Gpx8, which was downregulated and the function of which is not fully known, especially in the testis. The reason for the differences in the age-dependent alterations between the cell types is not entirely surprising as we previously saw drastic differences in the age-associated transcript expression between pachytene spermatocytes and round spermatids [3] . The reason for this may be that different repair pathways operate in different types of germ cells. Different DNA repair pathways and checkpoints are at play during mitosis and meiosis [37, 38] , so a different response of SSCs and spermatogonia (mitotic) compared to that of spermatocytes (meiotic) is not unexpected. Another consideration is that the different types of germ cells are exposed to different environments and therefore their responses differ. For example, the SSCs and spermatogonia and the postmeiotic germ cells are in two different environments separated by the blood-testis barrier.
In conclusion, many changes occur in the testis with age, and at least some of these changes can be ascribed to alterations in the SSCs. Not only do these cells change in number and ability to differentiate, they apparently have a significantly altered gene expression signature compared to their younger counterparts. Some of the genes that are altered, such as Gfra, the integrins, and Kdr, may account for the diminished ability of regeneration of spermatogenesis. If the balance between self-renewal and differentiation is disturbed, it is not unexpected that we see testicular atrophy with age. In addition, there are already hints as to the presence of DNA damage within these cells, which could in turn be carried through to mature spermatozoa, especially as DNA repair pathways in later germ cells are not working to their full capacity [3] . The present study provides insight that the molecular signature of aged progenitor cells and spermatogonia is different from that of the young counterparts and that this causes deleterious effects on spermatogenesis that could affect progeny outcome.
